Glycogen synthase kinase-3 (GSK3) is a constitutively active serine threonine kinase with 1) two isoforms (GSK3A and GSK3B) that have unique and overlapping functions, 2) multiple molecular intracellular mechanisms that involve phosphorylation of diverse substrates, and 3) implications in pathogenesis of many diseases. Insulin causes phosphorylation and inactivation of GSK3 and mammalian oocytes have a functional insulinsignaling pathway whereby prolonged elevated insulin during follicle/oocyte development causes GSK3 hyperphosphorylation, reduced GSK3 activity, and altered oocyte chromatin remodeling. Periconceptional diabetes and chronic hyperinsulinemia are associated with congenital malformations and onset of adult diseases of cardiovascular origin. Objectives were to produce transgenic mice with individual or concomitant loss of GSK3A and/or GSK3B and investigate the in vivo role of oocyte GSK3 on fertility, fetal development, and offspring health. Wildtype males bred to females with individual or concomitant loss of oocyte GSK3 isoforms did not have reduced fertility. However, concomitant loss of GSK3A and GSK3B in the oocyte significantly increased neonatal death rate due to congestive heart failure secondary to ventricular hyperplasia. Individual loss of oocyte GSK3A or GSK3B did not induce this lethal phenotype. In conclusion, absence of oocyte GSK3 in the periconceptional period does not alter fertility yet causes offspring cardiac hyperplasia, cardiovascular defects, and significant neonatal death. These results support a developmental mechanism by which periconceptional hyperinsulinemia associated with maternal metabolic syndrome, obesity, and/or diabetes can act on the oocyte and affect offspring cardiovascular development, function, and congenital heart malformation.
INTRODUCTION
Diabetes mellitus type II, schizophrenia, Alzheimer disease, bipolar disorder and some types of cancer have a common denominator: glycogen synthase kinase 3 (GSK3) [1] [2] [3] [4] [5] [6] [7] [8] . Glycogen synthase kinase 3 is a constitutively active serine threonine kinase comprising two isoforms referred to as GSK3A (51 kDa) and GSK3B (47 kDa) [9] . Isoforms of GSK3 regulate several physiologic processes, and their dysregulation are proposed to be involved with pathogenesis of numerous diseases through divergent mechanisms of actions regulating the phosphorylation of substrates such as glycogen synthase [10] , beta-catenin [11, 12] , neuronal kinesin [13] , tau protein [14, 15] , and activity of DNA methyltransferases (DNMTs) [16] [17] [18] .
The prevalence of type-2 diabetes and obesity has currently reached alarming levels in both men and women. Accordingly, increasing numbers of reproductive age women are either diabetic and/or obese before conception (preconception), during conception (periconception, including the oocyte growth and preimplantation embryo development periods), and/or during gestation. Maternal nutritional status, body composition, and diabetic conditions during the preconception, periconception, and gestational period can increase the lifelong risk of numerous chronic diseases in offspring and represents an example of the developmental origin of health and diseases paradigm, incorporating the Barker hypothesis [19, 20] . Diabetes, during preconception or periconception, increases spontaneous abortions [21] and offspring teratogenicity, including congenital cardiac defects [22] . Maternal diabetes manifestations of increased congenital abnormalities, and increased disease risk in offspring, are not thought to be caused by genetic aberrations, yet are likely due to dysregulated intracellular signal transduction and/or epigenetic modifications [20] .
Insulin receptors are present in Caenorhabditis elegans [23] , xenopus [24] [25] [26] , mouse [27] , rat [28] , pig [29] , cow [30] , and human [31] oocytes. Insulin binding to its receptor initiates a signal transduction cascade involving insulin-dependent activation of tyrosine kinase receptor, resulting in phosphorylation of insulin receptor substrates and subsequent activation of the phosphatidylinositol pathway [32] . This pathway includes activation of the phosphoinositide-3 kinase (PI3K) signaling through second messenger molecules, including phosphorylated 3-phosphoinositide-dependent protein kinase-1 (PDPK1), which, in turn, phosphorylates its substrate thymoma viral proto-oncogene 1 (AKT1)/protein kinase B (PKB) [33, 34] . Phosphorylated/activated AKT1/PKB is the primary regulator of the terminal enzyme in insulin signaling, GSK3A and B, and AKT/PKB-mediated phosphorylation of GSK3A at serine 21 or GSK3B at serine 9 results in GSK3 inactivation [35] [36] [37] [38] [39] . Components of this insulin-signaling pathway have been demonstrated in oocytes [27, 40, 41] . More importantly, this insulin-signaling pathway is functional in oocytes, supported by studies where follicle culture for 10 days, in the presence of insulin, resulted in hyperphosphorylation and inactivation of oocyte GSK3B [27] . Finally, the inhibition of oocyte GSK3 during oocyte growth and/or meiosis, with insulin and pharmacological inhibitors of GSK3, resulted in changes in histone modifications and chromatin remodeling [27, 41] .
Detailed investigations on the in vivo impact and consequences of decreased oocyte GSK3 activity during the preconception/periconception period on fertility, fetal development, and developmental origin of health and disease are wanting. Therefore, our objectives were to produce transgenic mice with individual or concomitant loss of oocyte GSK3A and/or GSK3B and investigate the in vivo role of oocyte GSK3 on fertility, fetal development, and offspring health.
MATERIALS AND METHODS

Generating Transgenic Mice
The University of Michigan Animal Care and Use Committee approved all uses and procedures with animals reported in this study. Constitutive Gsk3a knockout and Gsk3b wild-type/flox heterozygous FVB/NJ males (Gsk3a
were generously provided by Dr. Jim R. Woodgett of the LunenfeldTanenbaum Research Institute, Mount Sinai Hospital, Toronto, Canada, which founded the breeding colony. Briefly, founder males were bred to C57Bl/6J-ZP3Cre þ female (The Jackson Laboratory) and heterozygous males (Gsk3a
Cre þ ) and females (Gsk3a
were selected and constituted the breeding colony for the production of females yielding oocytes with loss of GSK3A (Gsk3a À/À b f/f ), loss of GSK3B (oGsk3a þ/þ b À/À ), or concomitant loss of GSK3A and GSK3B (oGsk3a À/À b À/À ) (Fig. 1) . Constitutive GSK3A knockout males were excluded from the breeding scheme due to subfertility.
Ear punches were collected for genomic DNA extraction using the HotSHOT method for preparation of genomic DNA [42] . Mouse genotyping was performed at 21 days of age with primers to identify wild-type Gsk3a and b, exon 2 excised alleles of Gsk3a, loxP flanked alleles of Gsk3b (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org), and ZP3-Cre recombinase knock in (003651; The Jackson Laboratory, multiplex PCR, detailed in Fig. 2A) . Production of oocytes with absent/reduced activity of Gsk3a and/or b was assessed with RT-PCR and Western blot analysis for mRNA and protein, respectively.
Assessment of Gsk3 Expression in Oocytes and Ovaries
Meiotically competent germinal vesicle-intact (GVI) oocytes enclosed in cumulus cells were collected from ovaries of 8-to 9-wk-old wild type,
b À/À , and oGsk3a À/À b À/À females following ovarian stimulation with injection of 5 international units of equine chorionic gonadotropin (eCG) (Sigma) and manual antral ovarian follicle rupture at 44-46 h post-eCG administration. Mechanically denuded GVI oocytes were triple washed in human tubal fluid-HEPES (Irvine Scientific) supplemented with 0.3% bovine serum albumin, observed microscopically to confirm complete cumulus cell removal, and snap frozen prior to RT-PCR and Western blot analysis.
Pools of 20 oocytes per genotype were submitted to total RNA extraction with Picopure RNA Isolation kit (ABI Systems) following the manufacturer's instruction and used as a template for cDNA synthesis in RT-PCR with MultiScribeTM reverse transcriptase (ABI Systems). Polymerase chain reaction for Gsk3a and Gsk3b (Supplemental Table S2 ) with cDNA equivalent to three oocytes was carried out in duplicate with a Bio-Rad MyCycler thermal cycler using Platinum Taq enzyme system (Invitrogen) for 30 cycles.
Western blots were performed using oocyte lysates. Briefly, 198 denuded GVI oocytes pooled from four females with each genotype were lysed in Laemmli sample buffer (Bio-Rad) with 5% 2-mercaptoethanol, vortexed, and placed on ice for 15 min. Following sonication on ice for 10 sec, samples were denatured at 908C for 10 min and loaded for electrophoresis. Proteins on the gel were then transferred to polyvinylidene fluoride membrane (Amersham) in a semidry electrophoretic transfer cell at 20 V for 50 min (Bio-Rad). Blots were blocked in 5% nonfat dry milk in 50 mM Tris, 150 mM NaCl, and 0.1% Tween (TBST) at room temperature for 1 h and incubated with the appropriate primary antibody diluted in TBST with 5% bovine serum albumin overnight at 48C with agitation. The antibodies included anti-GSK3A/B (1:1000 dilution, 44-610; Invitrogen) and GAPDH (1:1000 dilution, NB300-326; Novus). After complete washing in TBST, blots were incubated with peroxidase-conjugated immunoglobulin G secondary antibody (Amersham) at room temperature for 2 h, washed in TBST, and developed with SuperSignal ECL reagents (Thermo) according to the manufacturer's instructions. Membranes were reprobed using different primary antibodies after stripping at 508C for 30 min in stripping buffer (62.5 mM Tris-HCl, pH 6.7, 2% SDS, and 100 mM of 2-mercaptoethanol).
Ovarian paraffin sections (5 lm) from wild-type and oGsk3a À/À b À/À mice were deparaffinized with Histoclear (National Diagnostics), rehydrated with decreasing concentrations of ethanol in deionized water, and then boiled in 10 mM sodium citrate (pH 6.0) for 10 min to unmask antigens. Sections were then treated in 3% H 2 O 2 for 5 min and washed with PBS for 5 min. Immunohistochemistry was performed using Vectastain ABC kit (Vector MONTEIRO DA ROCHA ET AL.
Laboratories, Inc.) following the manufacturer's instructions. The primary antibody (GSK3A/B, Cell signaling) was diluted (1:200) in PBS supplemented with 2.5% normal goat serum and incubated on sections overnight at 48C. The ImmPACT DAB kit (Vector Laboratories, Inc.) was used for colorimetric reaction following the manufacturer's instructions.
Assessment of Fertility and Offspring Development
The 8-wk-old Gsk3a À/À b f/f , oGsk3a þ/þ b À/À , and oGsk3a À/À b À/À females were mated to FVB-NJ males of known fertility. Female age at first litter and litter size were recorded and compared to age-matched colony breeders. In addition, Gsk3a À/À b f/f , oGsk3a þ/þ b À/À , and oGsk3a À/À b À/À females were evaluated for estrous cycle length [43] . Peripartum death rate (defined as percentage of dead offspring observed within 4 h after deliver) and cumulative 24 h death rate (defined as percentage of dead offspring in the initial 24 h after birth) were recorded for comparison between Gsk3a À/À b f/f , oGsk3a þ/þ b À/À , and oGsk3a À/À b À/À female-derived litters as well as litters from breeding colony females.
Offspring Histopathology and Heart Assessment
Litters were observed hourly during the first 24 h after birth for collection and fixation of newly dead offspring to avoid autolysis. Specimens were fixed in 4% formalin and processed for histology, or hearts were dissected for Western blot analysis of GSK3 protein expression.
Hematoxylin and eosin-stained sections were obtained for histopathology analysis of hearts, livers, kidneys, lungs, and brains. Offspring of oGsk3a À/À b À/À females were compared to offspring from the breeding colony euthanized at 25 h after birth. Heart images were acquired at 253 magnification for atrial and ventricular chamber width and length measurements using ImageJ (National Institutes of Health).
Heart sections were also stained with wheat-germ agglutinin (WGA) conjugated to AlexaFluor 488 (Life Technologies) and counterstained with Hoechst 33342. Briefly, samples were deparaffinized and rehydrated as previously described. Sections were exposed to WGA dissolved in Hank's Balanced Salt Solution with 0.2% of Triton-X 100 (5 ll/ml) for 10 min and washed three times (5 min each) with deionized water and covered with Hoechst 33342 solution (5 lg/ml). After removal of excess Hoechst, slides were mounted with 25 ll of Vectashield hard-set mount media (Vector Laboratories, Inc.) and stored overnight at 48C protected from light for hardening. Slides were observed under fluorescence microscopy (4003 magnification) to obtain digital images of cardiomyocytes in comparable transverse orientation. Cell margins observed with WGA-Alexa Fluor 488 were used to quantify cell area using ImageJ software. Fifty cells in four different heart sections were measured for each animal, and the mean cardiomyocyte cross-sectional area of each animal was used for comparison of means of each group. Additionally, images of nuclei stained with Hoechst 33342 from heart apexes were obtained at 4003 magnification for determination of number of nuclei/100 lm 2 . Two fields from two different heart sections were counted for each animal.
Expression of neonatal heart GSK3 isoforms were assessed with Western blot analysis. Briefly, hearts were dissected under stereomicroscope and frozen prior to protein extraction. For protein extraction, hearts were mechanically homogenized in lysis buffer (150 mM NaCl, 50 mM Tris and 1% Triton X-100; pH 8.0) with protease inhibitors (cOmplete; 04693116001, Roche). and protein concentrations were determined by Bradford analysis. Protein separation (20 lg of protein loaded per well) was performed with electrophoresis in a 4%-20% gradient polyacrylamide gel. After electrophoretic separation and transfer to polyvinylidene fluoride membranes, Western blots were treated as previously described above.
Statistical Analysis
Normal distribution and homoscedasticity were assessed with KolmogorovSmirnov test and f test for variances, respectively. Comparisons between groups were performed with Student t-test, Kruskal-Wallis test followed by Mann-Whitney U-test, Z-test for one proportion or ANOVA followed by Tukey test for means where appropriate. Data were expressed as mean 6 SEM. Significance was attained at P , 0.05.
RESULTS
Transgenic Mice with Individual or Concomitant Loss of Oocyte GSK3A and GSK3B
Constitutive Gsk3a knockout female mice were reported to be viable and fertile [44] [45] [46] [47] [48] ; however, constitutive Gsk3b knockout mice have a lethal phenotype of controversial causes [45, 49] . Therefore, to investigate the role of GSK3 isoforms in the developing oocyte, constitutive Gsk3a knockout females
, and constitutive Gsk3a knockout and oocyte-specific Gsk3b knockout females (oGsk3a À/À b À/À ; Fig.  2A ) were obtained through genotype-oriented mating.
Transcription of Gsk3 isoforms was investigated in GVI oocytes harvested from wild-type,
b À/À , and oGsk3a À/À b À/À animals with RT-PCR. Both Gsk3 isoforms were transcribed in GVI oocytes from wild-type animals (Fig. 2B) . Constitutive Gsk3a knockout females (Gsk3a À/À b f/f ) and oGsk3a À/À b À/À produced oocytes lacking Gsk3a transcripts, and Gsk3b transcripts were absent in GVI from oGsk3a þ/þ b À/À and oGsk3a À/À b À/À (Fig. 2B) . When transcripts were identified, amplicons were sequenced and demonstrated .95% homology to anticipated Gsk3 isoforms.
Isoforms of GSK3 share 85% homology [9] , and commercially available antibodies failed to distinguish GSK3 isoforms in immunohistochemistry; however, GSK3 isoforms A and B can be discerned in Western blots because of different molecular masses. Extracts of 198 pooled oocytes from each female group (wild type,
, and oGsk3a À/À b À/À ) were assessed by Western blot analysis (Fig.  2C ). Wild-type oocytes contained both GSK3A and GSK3B at the anticipated molecular masses 51 and 47 kDa, respectively, and with greater levels of GSK3A compared to GSK3B as previously reported (Fig. 2D) [27] . Gsk3a À/À b f/f oocytes had no detectable GSK3A (below the level of detection), yet had GSK3B at 47 kDa (Supplemental Fig. S1 ). The oGsk3a
oocytes had GSK3A at the appropriate mass and levels of GSK3B slightly above the level of detection (Supplemental Fig. S1 ), yet markedly reduced compared to GSK3B in wild type (approximately 2% of wild type) and Gsk3a À/À b f/f oocytes. Finally, oGsk3a À/À b À/À oocytes (Fig. 2D) had no detectable GSK3A, and GSK3B was barely visible or quantifiable and was reduced to approximately 7% of wild-type oocytes. Therefore, we were able to produce oocytes with loss/reduction of individual GSK3 isoforms and with concomitant loss of GSK3A and GSK3B (Fig. 2, C and D) .
In addition to Western blot analysis, ovary sections of oGsk3a À/À b À/À were assessed with immunohistochemistry against GSK3 isozymes to determine if GSK3 was detectable in oocytes from follicles of progressive developmental stages. The primary antibody used recognizes both GSK3A and B. Ovaries from wild-type females showed extensive GSK3A/B localization in theca/interstitial tissue, granulosa cells, and oocytes of primordial, primary, secondary (Fig. 2E2-E4) , and antral follicles (data not shown), in agreement with past reports of ovarian GSK3 [50] . Ovaries from Gsk3a À/À b f/f and oGsk3a þ/þ b À/À females were not evaluated because oocyte staining would be noninformative due to primary antibody isoform cross-reactivity. Deletion of floxed Gsk3b alleles was obtained with expression of Cre-recombinase driven by ZP3 promoter at the primary follicles stage transition [51] . Consequently, GSK3 immunostaining in oGsk3a À/À b À/À female ovaries was predicted to be present in oocytes from primordial follicles, but not from those enclosed in latter stages of folliculogenesis. Ovary sections from oGsk3a À/À b À/À females presented GSK3 staining in oocytes of primordial follicles (few squamous granulosa cells; Fig. 2E5 ), but not in oocytes of primary (cuboidal to columnar granulosa cells; Fig.  2E6 ), secondary (Fig. 2, E7 and E8 ), or antral follicles (data not shown). Western blot analysis for detection of GSK3 isoforms in oGsk3a À/À b À/À indicated that only GSK3B is expressed in somatic cells (brain, liver, and heart; Supplemental Fig. S2 ). This information led us to a secondary observation in the GSK3 ABSENCE OF OOCYTE GSK3 AND NEONATAL DEATH
, and concomitant constitutive Gsk3a and oocytespecific Gsk3b (oGsk3a À/À b À/À ) knockout females, ovaries, and oocytes. A) Genomic DNA from wild-type and oGsk3a ovarian immunohistochemistry of oGsk3a À/À b À/À : the assessment of the presence and differential GSK3B staining of granulosa and theca/interstitial cells of primordial, primary, and secondary follicles. While squamous, cuboidal, and columnar granulosa cells stained positive for GSK3B ( Fig. 2E5 and E6) , not all granulosa cells of secondary follicles displayed GSK3B staining (Fig. 2E7 ).
In addition, this evaluation also demonstrated that GSK3B staining of theca/interstitial is not ubiquitous, yet there are distinct groupings of cells with and without GSK3B staining in this region of the ovary.
Loss of Oocyte Individual and Concomitant GSK3 Isoforms and Fertility
To investigate the loss of oocyte individual and/or concomitant GSK3 isoforms on female fertility, females were mated to wild-type FVB-NJ males. This design allowed the study of oocyte GSK3 isoforms without potential interference of an embryonic lethal because following fertilization, the male gamete would contribute one copy of Gsk3a and Gsk3b. In large-scale breeding colonies generating Gsk3a À/þ and Gsk3b À/þ embryos, offspring are born and survive at an anticipated Mendelian genetic ratio [48] .
Loss of oocyte individual or concomitant GSK3 isoforms did not significantly alter the age of the first litter when compared to the mouse breeding colony or between GSK3 isoform transgenic animal groupings: breeding colony, 63 6 10 days; Gsk3a À/À b f/f , 75 6 12 days; oGsk3a þ/þ b À/À , 85 6 17 days; and oGsk3a À/À b À/À , 74 6 10 days (P ¼ 0.3; Fig. 3A) . Females presenting loss of oocyte individual or concomitant GSK3 isoforms had comparable estrous cycles durationGsk3a À/À b f/f , 6 6 0.5 days; oGsk3a þ/þ b À/À , 5 6 0.6 days; and oGsk3a À/À b À/À , 6 6 0.3 days (P ¼ 0.6)-that were within the reported range of this mouse strain [52] .
Inbred C57BL/6J and FVB/NJ mouse strains produce litters with 8 6 2 and 9 6 2 offspring, respectively [53] . Similarly, our mouse breeding colony produced 9 6 0.5 offspring/litter. Loss of oocyte GSK3A, GSK3B, or concomitant loss of GSK3 isoforms did not significantly affect litter sizes in comparison to the breeding colony: Gsk3a À/À b f/f , 10 6 0.7; oGsk3a þ/þ b À/À , 10 6 0.4; and oGsk3a À/À b À/À , 10 6 0.5 offspring/litter (P ¼ 0.3; Fig. 3B ). In summary, individual or concomitant loss of GSK3 isoforms in the oocyte did not cause infertility.
Loss of Oocyte Individual and Concomitant GSK3 Isoforms and Offspring Survival
Constitutive heterozygous knockout of GSK3 isoforms (Gsk3a
) produced normal and viable animals [48] within the appropriate Mendelian ratios. In our breeding colony controls, the cumulative death rate of offspring within 24 h of birth was 9% 6 3% and was comparable to previous reports for C57/B16 dams (5% 6 6%) [53] . Similarly, low offspring 24 h death rate was observed when dams were Gsk3a À/À b f/f (4% 6 2%) or oGsk3a þ/þ b À/À (5% 6 2%). However, significantly more offspring from oGsk3a À/À b À/À dams died within 24 h of birth (63% 6 8%; P , 0.0001; Fig. 4) . While a significant percentage of offspring from oGsk3a À/À b À/À dams died within the first 4 h after birth (25% 6 7%), the majority of death occurred between 4 to 24 h after birth (39% 6 9%). In the following 24 h of life (48 h postparturition) only 1% 6 1% of offspring from oGsk3a À/À b À/À dams died, and this incidence was similar to other dam groupings and did not increase through the subsequent preweaning period. 
, and oGsk3a À/À b À/À (n ¼ 13)) bred to FVB/NJ males were similar between transgenic groups and females in the mouse breeding colony (n ¼ 29). Values represent mean 6 SEM.
comparison to wild-type oocytes, as demonstrated in this Western blot image (D). E) GSKwas observed with immunohistochemistry in oocytes (open arrows; E2-E4)
, granulosa (black arrows; E2-E4) and theca/interstitial cells (white arrows; E2-E4) of wild-type animals. Image E1 shows an immunohistochemistry negative control in which primary antibody was not applied. GSK3 was detected in oocytes of primordial follicle in oGsk3a À/ À b À/À females (open arrow; E5). Oocytes contained in primary and secondary follicles of oGsk3a À/À b À/À females lacked detectable GSK3 (open arrows; E6-E8); nevertheless, GSK3 protein was observed in granulosa (black arrows; E5-E8) and theca/interstitial (white arrows; E5-E8) cells in follicles of all stages of development in oGsk3a À/À b À/À ovaries. Original magnification 3400 (E1, E4, E5, E6, E8) and 3100 (E2, E3, E7).
ABSENCE OF OOCYTE GSK3 AND NEONATAL DEATH
Concomitant Loss of Oocyte GSK3 Isoforms Induce Congestive Heart Failure Secondary to Ventricular Hyperplasia
In a subset of experiments, offspring derived from the breeding colony, Gsk3a À/À b f/f dams, and oGsk3a þ/þ b À/À dams were euthanized at 25 h after birth and prepared for histology and comparison to oGsk3a À/À b À/À dam-derived offspring that died within 24 h of birth. Offspring derived from the mouse breeding colony, Gsk3a À/À b f/f , and oGsk3a þ/þ b À/À females had normal heart, kidney, liver, lung, and brain histology (Fig. 5A-G) .
Compared to the offspring from the mouse breeding colony, Gsk3a À/À b f/f , and oGsk3a þ/þ b À/À females, offspring derived from oGsk3a À/À b À/À females presented with severe atrial and great pulmonary vessels dilation (Fig. 5H) . These cardiovascular alterations in oGsk3a À/À b À/À dam-derived offspring copresented with ischemic nephrosis (Fig. 5, I and J), liver congestion (Fig. 5, K and L) , and atelectasis (Fig. 5M) . Brains of oGsk3a À/À b À/À female-derived offspring were morphology normal (Fig. 5N) . Histopathology findings suggested that oGsk3a À/À b À/À female-derived pups had congestive cardiac failure.
To better understand the congestive cardiac failure phenotype, dimensions of hearts collected from offspring of the mouse breeding colony and oGsk3a À/À b À/À females affected with congestive heart failure were compared (Fig. 6, A and B) . Atrial width of oGsk3a À/À b À/À female-derived offspring (3.8 6 0.1 mm) was significantly greater than atrial widths of breeding colony offspring (2.3 6 0.1 mm, P , 0.05; Fig. 6C ). Additionally, atrial length of oGsk3a À/À b À/À female-derived offspring (2.5 6 0.2 mm) was greater than in offspring obtained from the breeding colony (1.4 6 0.2 mm, P , 0.01; Fig. 6D ). Ventricular width was greater in oGsk3a À/À b À/À female-derived animals (2.7 6 0.1 mm) than in offspring from the breeding colony (2.3 6 0.05 mm, P , 0.05; Fig. 6E) ; however, the length of ventricles of oGsk3a À/À b À/À femalederived offspring (2.4 6 0.03 mm) was similar to heart ventricular length of breeding colony offspring (2.2 6 0.1 mm, P ¼ 0.2; Fig. 6F ). Because ventricular dimensions were altered, cardiomyocyte area and number were assessed in heart apexes. Ventricular apex cardiomyocyte cross-sectional area was similar between offspring derived from the breeding colony (79 6 6.4 lm 2 ) and oGsk3a À/À b À/À female-derived offspring (95 6 6.4 lm 2 , P . 0.1; Fig. 6G ). Offspring derived from oGsk3a À/À b À/À females had a greater number of cardiomyocytes in the ventricular apex (8.6 6 0.4 nuclei/100 lm 2 ) than in offspring from the breeding colony (7.0 6 0.2 nuclei/100 lm 2 , P , 0.05; Fig. 6H ). In summary, concomitant loss of oocyte GSK3 isozymes during oocyte growth and the periconception period resulted in offspring death due to congestive heart failure secondary to ventricular cardiomyocyte hyperplasia.
Heart protein expression levels of GSK3 isoforms were compared by Western blot analysis in offspring from the breeding colony euthanized 25 h after birth and oGsk3a À/À b À/À female-derived animals that died within 24 h after birth to investigate if ventricular cardiomyocyte hyperplasia was associated to postnatal GSK3 haploinsufficiency. Expression of GSK3 isoforms were detected in offspring from the breeding colony and oGsk3a À/À b À/À (Fig. 7A) . Relative expression of heart GSK3A normalized to GAPDH was comparable between offspring from the breeding colony (1 6 0.2) and oGsk3a À/À b À/À (1.9 6 0.6; P . 0.1) females (Fig. 7B) . Similarly, the relative expression of heart GSK3B normalized to GAPDH did not differ between groups (breeding colony offspring ¼ 1 6 0.16 and oGsk3a À/À b À/À offspring ¼ 1.17 6 0.4; Fig. 7C ).
DISCUSSION
GSK3 has pleiotropic effects [10] [11] [12] [13] [14] [15] and is involved in the pathogenesis of several diseases [1] [2] [3] [4] [5] [6] [7] [8] . Cell treatments with small molecules such as lithium chloride, alsterpaullone [54] [55] [56] , 6-bromoindirubin-3 0 -oxime, and insulin [27, 40, 50, 57] are common pharmacological and physiological means of inhibiting GSK3 and are also used to study its role in different cell types. However, GSK3 inhibitors frequently compete with ATP, have limited specificity, and can cause inhibition of other kinases [58] . Knockout models serve as an alternative approach to investigate the role of GSK3 in different tissues circumventing unwanted effects of GSK3 inhibitors. Yet, caveats exist in this approach, especially if both GSK3 isoforms are coexpressed in the cell/tissue of interest [48, 59] , as is the case of mammalian oocytes. Constitutive knockout of Gsk3a did not alter survival or female reproduction in mice [44] [45] [46] [47] [48] ; however, attempts to produce constitutive knockout of Gsk3b resulted in embryonic/neonatal lethality [45, 49] . Consequently, any study addressing the role of GSK3B with knockout models requires the generation of a conditional Gsk3b knockout. In addition, GSK3 isozymes have tissue/cell typespecific actions [48, 60, 61] , functional redundancy, and potential compensatory actions [48, 59] . For this reason, knocking out Gsk3a, oocyte Gsk3b, and both isoforms concomitantly was required to study the in vivo relevance of oocyte GSK3 in female reproductive function and offspring health. Therefore, creation of mice lacking GSK3 isoforms in oocytes was attained through a series of genotype-oriented matings of Gsk3a
þ/f males to animals carrying a ZP3-Cre knock-in. The success of this strategy in providing female mice with oocyte lacking individual GSK3A or GSK3B, or concomitant loss of GSK3A and GSK3B, was documented with RT-PCR for amplification of exon 2 of Gsk3a and Gsk3b and Western blot detection of GSK3 isoforms in oocytes from wild-type, Gsk3a À/À b f/f , oGsk3a þ/þ b À/À , and oGsk3a À/À b À/À animals.
FIG. 4. Comparison of 24 h cumulative death rate in offspring from
In addition to Western blot analysis, immunohistochemistry analysis of oGsk3a À/À b À/À ovary sections, with an antibody that recognizes both GSK3 isoforms, showed that GSK3B was expressed in primordial follicle oocytes, and the expected expression of Cre-recombinase by Zp3 promoter at the primordial to primary follicle developmental transition [51] led to loss of GSK3B in oocytes from more developed follicles. Interestingly, wild-type ovaries presented GSK3 immunostaining throughout all the ovarian cell types, whilst oGsk3a À/À b À/À ovaries presented differential expression of GSK3B in granulosa and theca/interstitial cells of follicles in different developmental stages. This indicates that GSK3B is expressed in different granulosa cell subpopulations, as wells as having spatial differential expression in theca/interstitial cells, during follicle growth. This differential expression, and its relationship to cell type and/or function, requires further investigation.
Inhibition of GSK3 activity in ovarian follicles and oocytes with small molecules altered chromatin condensation [27, 50] during meiosis with the potential of causing meiotic disjunction, aberrant meiotic chromatin segregation, and chaotic aneuploidy in the resulting embryos. Treatment of bovine cumulus-oophorus-complexes with the GSK3 inhibitor 6-bromoindirubin-3 0 -oxime caused chromosomal misalignment and disruption of meiotic progression [40] . These observations prompted the hypothesis that inhibition of oocyte GSK3 would result in infertility. However, individual or concomitant knock out of GSK3A and GSK3B in mouse oocytes did not interfere with age at first conception or estrous cycle length. In addition, litter sizes of transgenic females (Gsk3a À/À b f/f , oGsk3a þ/þ b À/À , and oGsk3a À/À b À/À ) were within the normal range of litter sizes from the mouse breeding colony and litter sizes reported for FVB/NJ and C57/Bl6 mouse strains. Discordance between the results observed with GSK3 knockouts with no fertility affect in this study and pharmacological GSK3 inhibition studies and perturbed oocyte meiosis [27, 40, 41, 62] may reflect unintended inhibition of other kinases involved in meiotic progression [63] by pharmacological inhibitors.
Individual or concomitant loss of GSK3A and GSK3B did not cause infertility; however, offspring 24 h cumulative death rate was approximately 10 times higher in litters originated from oocytes with concomitant loss of GSK3A and GSK3B (oGsk3a À/À b À/À offspring) than in litters generated within the mouse breeding colony or with oocytes lacking individual isoforms of GSK3 (Gsk3a À/À b f/f and oGsk3a þ/þ b À/À femalederived litters). Transgenic females were mated with wild-type FVB/NJ males, consequently zygotes generated from oocytes with concomitant loss of GSK3A and GSK3B had one wildtype copy of each GSK3 isoform. Mice with constitutive loss of GSK3A and only one functional allele of GSK3B (Gsk3a À/À b þ/À ) were previously reported by Itoh and coworkers [48] to be viable and survive as offspring, despite impaired skeletal development. In the same study, animals with only one functional allele of each GSK3 isoforms (Gsk3a
) were reported to be normal [48] and were produced in the expected Mendelian ratio ( [48] ; S. Itoh, personal communication; J. Woodgett, personal communication). Evidence that Gsk3a
þ/À mouse are viable, and thrive, indicates that loss of a single functional allele of each GSK3 isoform during embryogenesis is insufficient to impair animal viability and development. Collectively, these data support the conclusion that the lack of offspring viability observed in the present study are caused by the concomitant loss of both GSK3 isoforms within the oocyte during oogenesis.
The cause of death in animals with concomitant loss of GSK3 isoforms (oGsk3a À/À b À/À ) was congestive heart failure secondary to ventricular hyperplasia. Constitutive knockout of Gsk3b, with normal GSK3A, is a lethal phenotype due to cardiac malformation. Despite similarities between the histology findings of Kerkela and colleagues [45] and the present study, the mechanism underpinning these cardiac malformations are different because neither offspring from Gsk3a À/À b f/f or oGsk3 a þ/þ b À/À females had perinatal death, cardiac dysfunction, or cardiac malformation. Knocking out GSK3B in every cell during embryogenesis disrupts normal function of the Wnt-signaling pathway required for specification of cardiac mesoderm and cardiogenesis [45, 47, 64] . However, heart malformations observed in this study occurred despite the presence of embryo monoallelic Gsk3 and only after knockout
Comparison of GSK3 isoforms protean expression in hearts from breeding colony and oGsk3a À/À b À/À female-derived offspring. A) Representative micrographs of GSK3A, GSK3B, and GAPDH protein detection in hearts from breeding colony and oGsk3a À/À b À/À female-derived offspring. B) Levels of GSK3A in breeding colony offspring hearts (n ¼ 11) were comparable to those observed in hearts from oGsk3a À/À b À/À female-derived offspring (n ¼ 7). C) Heart GSK3B levels in breeding colony offspring (n ¼ 11) were similar to those observed in hearts from oGsk3a À/À b À/À female-derived offspring (n ¼ 7). Values in column graphs are means 6 SEM.
3 greater in hearts from oGsk3a À/À b À/À offspring (n ¼ 6) in relation to mouse breeding colony offspring hearts (n ¼ 3); however, the ventricular length was similar between groups (F). G) Cross-sectional area of cardiomyocytes in heart ventricles from mouse breeding colony (n ¼ 5) and oGsk3a À/À b À/À (n ¼ 5) offspring were similar, but apexes from oGsk3a À/À b À/À female-derived animals had significantly greater cell density than in mouse breeding colony offspring hearts (H). Values in column graphs are means 6 SEM.
ABSENCE OF OOCYTE GSK3 AND NEONATAL DEATH of both isoforms of Gsk3 in the oocyte. Additionally, in the present study, offspring produced from oocytes lacking GSK3 isoforms and wild-type sperm that presented the lethal phenotype had heart GSK3 levels comparable to healthy offspring from the breeding colony, suggesting that postnatal heart GSK3 levels have no causal relation to the lethal cardiac phenotype.
A mechanism by which concomitant loss of oocyte GSK3A and GSK3B impairs offspring cardiogenesis may involve epigenetically regulated genes important for normal fetal and cardiac development and neonatal survival [65] . During oocyte growth and acquisition of meiotic competence, oocyte chromatin is remodeled with the addition of de novo methyl groups to cytosines located in cytosine-guanine (CG) dinucleotides and non-CG cytosine [66] regions of imprinted genes. This oocyte methylation process is mediated by DNMTs [66] . GSK3 alters the expression/activity of DNMTs in tissue-or cell-specific manners [16] [17] [18] . Most relevant to the role of insulin signaling and GSK3 in the oocyte is the report that the PIK3-mediated activation of Akt can mediate DNA methylation in mouse embryonic stem cells [67] . Additionally, inhibition of GSK3 in embryonic stem cells caused reduced expression of Dnmt3a2 and misexpression of imprinted genes [67] . Over the last two decades, it has been appreciated that abnormal expression of differentially imprinted genes in gametes and/or preimplantation embryos can affect fetal development [68] [69] [70] . Loss of proper DNA methylation and altered maternally imprinted gene expression may be underlying the lethal cardiac phenotype observed when concomitant GSK3 activity is absent during late stages of oogenesis.
Besides providing new information on GSK3 isoform functional specificity in the oocyte, and their concomitant requirement for proper development of healthy offspring, the results from this study suggests that changes occurring during the periconceptional period can affect progeny development, survival and long-term/late onset health effects as previously proposed [71] [72] [73] . The present study is of particular translational importance because it suggests that oocyte GSK3 during the preconception and periconception periods may represent an intermediate in mechanisms that link maternal hyperinsulinemia/insulin resistance present in individuals with metabolic syndrome, diabetes, and/or increased body mass index and offspring congenital birth defects and/or failure to thrive [74] [75] [76] [77] . In summary, loss of oocyte GSK3 in the periconceptional period does not alter fertility yet causes offspring cardiac hyperplasia, cardiovascular defects, and significantly increased death. These results support a developmental mechanism by which periconceptional hyperinsulinemia associated with maternal metabolic syndrome, obesity, and/or diabetes can act on the oocyte and affect offspring cardiovascular development, function, and congenital heart malformation.
